The first manifestation of reverse transformation, in which a permanent epithelial-like cell is reversibly transformed into a fibroblast-like cell by dibutyryl adenosine cyclic 3':5'-monophosphate, is the disappearance of a set of violently extending and retracting knobbed structures on the cell membrane with consequent tranquilization of the membrane. The cell then elongates to assume a fibroblast-like morphology. Permanently fibroblast-like cells, which have smooth membranes, can be changed into knobbed epithelial-like cells by the addition of either colcemid or cytochalasin B, agents that disorganize one or the other component, respectively, of the microtubular-microfibrillar system. Permanently smoothmembraned, epithelial-like cells also become knobbed by such treatment. All of these knobbed epithelial-like cells can be converted into smooth-membraned fibroblast-like cells by dibutyryl cAMP alone or with the aid of supporting molecules like testosterone. It is proposed that these are general phenomena and that the knobbed epithelial-like forms and the more highly differentiated smooth-membraned fibroblast-like cells represent extreme situations with respect to the degree of organization of the microtubular-microfibrillar system inside the cell.
The morphologies of mammalian cells grown on glass or plastic surfaces fall into two general classes although intermediate situations also can occur: epithelial-like cells with compact structures and no obvious orientation pattern with respect to each other, and fibroblast-like cells that are spindle-shaped or at least display cytoplasmic processes extending out from the main cell body to a length of about several nuclear diameters, and that tend to associate in parallel to their long axes. One of the first demonstrations of a reversible conversion of one form to another was accomplished with the HeLa cell with particularly selected serum samples (1) .
We have previously demonstrated morphological conversion of CHO-K1 cells from epithelial-like to fibroblast-like by the addition of dibutyryl cyclic AMP (dibutyryl cAMP) and testosterone or certain prostaglandins (3) (4) (5) . While either agent alone was active in relatively high concentrations, the combination of the two agents-produced maximal change in cell habitus at concentrations of each agent so low as to produce inappreciable effects by themselves. Under the influence of these agents the following changes occur: (a) the compact epithelial-like cells elongate to a spindle-shaped form. (g) A set of knob-like processes that are visible on the surface of the cell in its native state disappears (3) (4) (5) .
Because the changes undergone by these cells in many respects appear to be opposite to those that overtake normal fibroblasts when they are transformed by a malignant virus or other carcinogenic agent (2), the effect produced by dibutyryl cAMP and hormones has been termed "reverse transformation." In this paper, aspects of the role of the cell membrane in this process are described; cells hitherto considered to be unaffected by cAMP and its derivatives are again examined; the specificity of knob formation is studied; and a general picture for these morphological phenomena is proposed.
METHODS AND MATERIALS
Standard cells used in these experiments are Chinese hamster ovary cells (CHO-Ki) whose properties have been described (6) , S3 clones of HeLa cells (7) , and V79 Chinese hamster lung cells (8) kindly supplied by Dr. M. M. Elkind. Procedures for cell cultivation, fixation, and staining were standard as described (6) . For most of these experiments, compartment slides were used (Lab-Tek Products, Westmont, Ill.) in which a standard microscope slide is subdivided by plastic partitions into eight compartments. 5,000-10,000 cells were placed in each compartment in 0.30 ml of F12 medium (9) supplemented with the macromolecular fraction of fetal-calf serum in a concentration equivalent to 5 or 10% of whole serum. In the standard experiment, chemical agents were added to each compartment immediately after addition of the cell inoculum and the slides were covered and incubated in CO2 incubators for 16 hr, after which they were fixed, stained, and scored.
The reverse transformation conditions most frequently Fig. 1 ) knob-like structures corresponding to those previously described in the fixed and stained cell preparations (5). An unexpected feature of these studies is the demonstration that the knobs appear to be centers of violent motions of the cell membrane. The knob-like regions on the cell surface are continuously erupting and returning to the main body of the cell. Their expulsion and retraction appears to be fairly uniformly distributed over the cell surface. About 10-40 knobs can be seen at any time around each cell, although the actual number could be several times greater because the camera tends to be focused principally on the line of attachment of the cell to the glass surface.
Extrusion of the knobs may extend to about '/5 of the cell diameter. The minimum time required for a complete extension and retraction of a particular knob is about 15 This disappearance of knobs is recognized within 30 min after addition of the reverse transformation agents (Fig. 3) . Thus, HeLa cells also demonstrate dissociability of knob disappearance from the elongation process.
Studies were also done on permanent fibroblast-like V79 Chinese hamster cells. Even in basal medium this cell already possesses the elongated form and smooth membranes typical of the fibroblast-like state. Addition of 0.27 uM of colcemid produces a rapid morphological change toward compactness to approximate the epithelial-like form and producing a set of typical knob-like structures in most of the cells within 30 min after addition of the drug. Finally, introduction of the agents that produce reverse transformation antagonizes this action of colcemid, maintaining an elongated,.smooth-membraned morphology (Table 1) . Vinblastine, which also disorganizes microtubules, produces knobs like those of colcemid.
Cytochalasin B also prevents the elongation of epitheliallike CHO-K1 to the fibroblast-like form by dibutyryl cAMP and testosterone (4) . Therefore, this compound was also tested for its ability to change a permanently fibroblast-like cell to the epithelial-like form. Fig. 4 demonstrates that 2.13 ,uM of cytochalasin B also causes V79 cells to become heavily knobbed and to assume the compact epithelial-like form, and like colcemid, this action can be antagonized by reverse transformation conditions. Specificity of Knob Production by Cytochalasin B and Colcemid. The inference that knob production involves disorganization of the cellular microtubular (MT)-microfibrillar (MF) system can be entertained only if this effect is produced specifically by these but by few or no other agents. Therefore, it was necessary to test different toxic agents to determine whether knob production is triggered nonspecifically by agents that can intoxicate these cells. CHO-K1 cells were treated with the following drugs in concentrations that block normal RNA and protein synthesis and, like 5-fluorouracil, produce other metabolic derangements (11) (Table 2) . None of these agents produced the knobs that characterize the action of colcemid or vinblastine and cytochalasin B.
DISCUSSION
These experiments demonstrate that some mammalian cells in vitro can exist in three interconvertible forms: an elongated fibroblast-like form, a compact epithelial-like form, and a knobbed form that, so far at least, seems to be associated particularly with the epithelial-like morphology. One form can be converted into another by cAMP or agents that disintegrate either the MF or the MT. We postulated previously that cAMP causes organization of the MT-MF system, and the present experiments support the interpretation that the integrity of both sets of structures is necessary for assumption of the smooth-membraned, fibroblast-like form. Studies being published elsewhere demonstrate an increase in number of microtubules and their organization into parallel arrays when CHO-K1 cells are treated with reverse transformation conditions. Since these reactions are elicited in cells previously thought to be unresponsive, it would seem likely that these reactions are fairly general in mammalian cells. The following dynamic smooth-membraned epithelial-like cell cAMP knobbed epithelial-like cell. The morphology assumed by any cell in vitro would, by this picture, depend on the extent of organization of its MT-MF system, which in turn would be influenced by the concentrations of cAMP that promote organization of these structures, and by concentrations of molecules that disorganize them.
The structure and behavior of the knobs described here constitute one of the most intriguing elements in this picture. The data presented here show that knob disappearance in CHO-Ki cells is the first morphological manifestation of the action of the reverse transformation conditions. With appropriate concentrations of the reagents, knob disappearance can be demonstrated many hours before cell elongation.
The knobs also are the source of at least one kind of mem- brane activity in mammalian cells, which, under the conditions described here, can reach almost violent magnitudes. The possibility that the knobs might represent a general toxic response in these cells would appear to be ruled out by the fact that knobs are not produced when several different kinds of toxic agents are presented to the cells. Moreover, these knobs occur spontaneously in CHO-K1 cells in normal growth medium. Finally, the knobbed, epithelial-like cells multiply at the same maximal rate as do the smooth-membraned fibroblast-like cells that have been produced by the action of reverse transformation conditions.
The fact that CHO-K1 cells multiply with the same generation time in either the epithelial-like or the fibroblast-like habitus demonstrates that this change is different from those differentiation changes in mammalian cells that have been sometimes considered to be associated with a decrease in cellular multiplication rate (12) . Previously, we showed that colcemid, while blocking cells in mitosis, does not affect the rate at which cells move throughout the other phases of their reproductive cycle (13) . Apparently then, MT-MF organization or disintegration does not directly affect reproductive processes (exclusive of mitosis), but may affect differentiation phenomena. The fibroblast-like form, with its specific synthesis of collagen and nonrandom growth pattern, would appear to be more highly differentiated than the epithelial-like form.
Demonstration that the knobs can be produced in cells that are permanently fibroblast-like as in V79, or in smoothsurfaced epithelial cells like HeLa suggests that knob activity is a fundamental manifestation of mammalian cell membranes. The normal habitus of any cell would depend on its intrinsic rates of cAMP synthesis and removal, and on other factors affecting the stability of MT and MF systems. These considerations imply that a continuous gradation between fibroblast-like and epithelial-like morphology can exist, a situation that conforms to experience. The possibility that the stretching of the cell membrane could be the phenomenon that causes the knob action to disappear appears unlikely in view of the fact that the knob activity disappears before appreciable cell elongation is evident.
Johnson et al. (14) have recently demonstrated that dibutyryl cAMP has an initial quieting effect on cell membrane, which occurs before the stretching reaction, and an inhibiting action on cell translational motions in the fibroblast cell, although knob formation is not described. They proposed that contact inhibition of growth and of movement reflect the same phenomenon. Goldman (15) , however, has reported that locomotion of baby hamster kidney fibroblast cells is inhibited when they are treated with colchicine, which converts this cell to an epithelial-like form, as we had demonstrated for CHO-K1 cells in which colcemid and dibutyryl cAMP exert antagonistic effects (4) . Despite the great morphological changes associated with knob activity when dibutyryl cAMP or colcemid are added to our cultures, we could not document any clear effect on cell locomotion. However, in our experiments the fibroblast-like cells seem to be more tightly attached to the glass or plastic surface, as evidenced by the tendency of fibroblast-like colonies to display fewer scattered cells and satellite colonies than do the epithelial-like colonies. This greater tendency of the epitheliallike cells to become detached from surfaces might be an important aspect of the malignant process.
During the stretching of the membrane, antigens that previously were exposed could become reoriented so that they are no longer available to agglutinate macromolecules. This could be the reason for the decrease of reactivity toward concanavalin A and wheat-germ agglutinin (5) in the fibroblast-like state of these cells. Such a change in availability of specific chemical groups in the membrane would also account for the orienting patterns of the fibroblast-like cells as contrasted with the random growth of the epithelial-like forms. Attachment of the MT-MF system to the cell membrane implies that the attachment is directed to two (or occasionally slightly more) specific points in the membrane. This is like the situation in mitosis wherein microtubules arising from the centriole become anchored in opposite regions of the cell membrane. The appearance of knobs in the fibroblast-like cells as they leave mitosis and enter G1, might reflect the action of the endogenous disorganization of microtubules that accompanies disappearance of the spindle after completion of mitosis.
Phenomena resembling knobs have been described in several cells under different names like bubbles, zeiotic blebs, etc. (16) , but their identity with the structures described here is questionable. We use the term "knobs" for those structures that are specifically erased by application of dibutyryl cAMP and hormones, and that can be initiated by agents like colcemid or cytochalasin that specifically interfere with the organization of the MF-MT system.
